The performance of two thoracic samplers, the GK2.69 cyclone and the CATHIA-T sampler, and the GK3.51 cyclone was investigated in the field against the standard cowled sampler (current NIOSH 7400 method) to determine the effect of thoracic sampling. The CATHIA-T sampler and the GK2.69 cyclone were operated at 7 and 1.6 l min
. A total of 136 area samples were obtained from a tremolitic talc processing mill and 148 area samples were obtained within a quarry in which metamorphosed volcanic rocks were being crushed for construction stone. Sample slides were prepared using the dimethyl formamide/Euparal technique and relocatable cover slips. NIOSH 7400 'A' counting rules were used to examine fibers. Additionally, counters were asked to record the number of fibers where a fiber meets the 'A' rules and is wider than 3-mm physical diameter in order to estimate the proportion of extra-thoracic fibers. A few slides from each sampler type were randomly selected and fiber widths for those fibers satisfying the counting rules were measured to determine median width ratios of each thoracic sampler to the cowled sampler. Overall, the combined results of this study and the previous study by the same authors (Lee et al., 2008) showed lower fiber concentrations for the CATHIA-T sampler and higher concentrations for the GK2.69 cyclone and the GK3.51 cyclone compared to the standard cowled sampler. The proportion of extra-thoracic fibers (>3-mm physical diameter) on the filters collected with each type of thoracic samplers was comparable to the proportion of such fibers collected with the cowled sampler. The most consistent result over this study and our previous study is that both cyclones gave higher fiber concentrations than the CATHIA-T sampler. However, the estimated width ratios of each cyclone type to the cowled sampler were similar to or equal to 1 indicating no separation of fiber bundles due to cyclone effects. An inverse relationship between the fiber concentration ratios of each thoracic sampler type to the cowled sampler and the relative sample loading rate compared to the cowled sampler was observed. The difference in fiber concentration ratios might be a function of sample loading rather than an effect of thoracic size selection. Therefore, it is not recommended that any of these samplers be used to replace the cowled sampler in measurements intended for comparison with limit
INTRODUCTION
The current standard method to measure fiber concentrations is to collect samples via an open-face cowled sampler with a 25-mm membrane filter, render the filter transparent, and count the fibers under a phase contrast microscope (ISO 1993a; NIOSH, 1994; HSE, 1995; OSHA, 1998; WHO, 1997) . The phase contrast microscopy (PCM) method is widely used for reasons of rapid turnaround, low cost, and ability to be used in the field. However, the open-face cowled sampler allows deposition of large particles or agglomerates on the filter which cowled obscure the view of fibers. It is also suspected that different fiber dimensions are associated with different health risks (Lippmann, 1990; Berman et al. 1995a Berman et al. , 1995b Berman and Crump, 2008; Stayner et al., 2008) , while particles greater than 10-lm aerodynamic diameter may be unable to penetrate to the upper lung airways (Baron, 1996) . Thus, in order to ensure samples are most accurate and most relevant to disease outcome, it may be necessary to develop a new size-selective sampler or to adapt pre-existing samplers (Dement, 1990; Lippmann, 1994a Lippmann, , 1994b WHO, 1997; Baron, 2001) . Jones et al. (2000 Jones et al. ( , 2005 performed a laboratory study with two cyclone samplers (the GK2.69 and a modified SIMPEDS), one static sampler (the CATHIA-T), and one porous foam sampler (the IOM thoracic sampler) to determine whether these samplers can meet the thoracic convention (ACGIH, 1993; CEN, 1993; ISO, 1993b) in fiber collection and thus eliminate both large non-fibrous particles as well as fibers beyond the range of the thoracic convention (here termed extra-thoracic). Man-made mineral fibers (MMMFs) containing a high proportion of fibers with aerodynamic diameter greater than 10 lm ($3 lm physical diameter of fiber) were used in their study. The fibers were subdivided into several length classes: (i) shorter than 15 lm, (ii) between 15 and 30 lm, and (iii) longer than 30 or 50 lm, for each of the samplers. They found good agreement of the GK2.69, modified SIMPEDS, and CATHIA-T sampler with respect to the thoracic convention although a slight oversampling was observed for particles ,7-lm aerodynamic diameter. No length dependency was observed. The cowled and IOM porous foam sampler showed less good agreement. The sampling efficiency of the cowled sampler compared to the thoracic convention was greater than 1.0. Similar results were found by Maynard (1999) who tested the samplers in Jones et al. (2000 Jones et al. ( , 2005 with a polydisperse aerosol of glass microspheres under calm air conditions. However, these laboratory studies were insufficient to recommend the thoracic samplers (the GK2.69, the modified SIMPEDS, and the CATHIA-T sampler) as replacements for the standard cowled sampler to measure fiber concentrations in real workplaces. Thus, Jones et al. (2001) performed field studies at eight sites (five sites for MMMF, one site for chrysotile fibers, one site for asbestos cement sawing, and one site for carbon fibers) and found that the GK2.69 cyclone gave fiber concentrations relatively lower or close to those collected with the cowled sampler except at one (chrysotile) sampling site. The fiber concentration ratio between the GK2.69 cyclone and the cowled sampler was 1.80 for the chrysotile site while the ratios of the other sites ranged from 0.85 to 1.18 for airborne fibers not touching particles. Another field study comparison was performed with two thoracic samplers (the GK2.69 cyclone and the CATHIA-T sampler) against the standard cowled sampler by the same authors as in this study (Lee et al., 2008) . A total of 270 samples, 80 field and 10 field blank samples for each sampler type, were taken at a taconite iron ore mine whose ore contains amphibole minerals. Overall, the CATHIA-T sampler generated lower fiber concentrations compared to the standard cowled sampler (CATHIA-T/Cowled 5 0.63), whereas the GK2.69 cyclone yielded higher concentrations (GK2.69/Cowled 5 1.66). Thus, the study concluded that the CATHIA-T sampler screened out some larger fibers. Additional field samples have been collected from two other environments, a tremolitic talc ore processing mill (Fig. 1 ) and a construction stone quarry. The tremolitic talc includes talc fibers and cleavage fragments of tremolite that may also meet the definition of a fiber. The quarry is in metamorphosed basaltic rocks where veins of fibrous mineral have been observed (Fig. 2) . The exact identity of this mineral has not been determined, but both chrysotile and amphibole (actinolitetremolite) asbestos have been reported from this area. The same thoracic samplers (the GK2.69 cyclone and the CATHIA-T sampler) used in the taconite mill study plus the GK3.51 cyclone with a vortex inner diameter of 8.0 mm were used along with the standard cowled sampler. See Fig. 3 for each sampler type used in the current study. The purpose of this study was to provide additional field study results and, if possible, recommend potential sampler types that may be an improvement on the current standard cowled sampler.
METHODS

Sample collection
Area samples were collected from two sites, a tremolitic talc ore processing mill containing tremolite and fibrous talc and a construction stone quarry containing metamorphosed basaltic rocks with minor veins of fibrous mineral. Side-by-side sampling involved two cyclones, one CATHIA-T sampler, and one cowled sampler. Samples were taken for different times and at different stationary locations. The sampling flow rates were 1.6, 7.0, 3.2, and 2.0 l min À1 for the GK2.69, CATHIA-T, GK3.51, and cowled sampler, respectively. Only the cowled sampler used a 25-mm membrane filter and the other samplers used a 37-mm filter.
A total of 136 airborne samples (34 sets Â 4 sampler types) from the tremolitic talc ore processing mill and 148 samples (37 sets Â 4 sampler types) from the construction stone quarry were collected. Additionally, 32 and 35 field blank samples were collected from the mill and the quarry, respectively. For all sampler types except for the disposable cowled sampler, six samplers per sampler type were used and reused, but the samples from each specific sampler were not individually identifiable. At the mill, the sampling time period ranged from 25 to 155 min and the samples were collected in October of 2006, while at the quarry, the sampling time period ranged from 20 to 129 min and the samples were collected in July and August 2007. All pumps were calibrated before and after sampling using a DryCal DC-Lite calibrator (BIOS International Corporation, Pompton Plains, NJ, USA) to ensure that the variations of flow rates did not exceed -5% (ASTM Standard D5337, 2004) . Table 1 lists the filter area, sampling flow rate, and sample loading rate for each sampler. The sampling methodology was the same as that used in the previous study (Lee et al., 2008) . It was not possible to obtain equal sample loadings as was done in the laboratory study by Jones et al. (2005) because of the transitory conditions normal in the field. Thus, the same time periods at constant flow rates were applied for each sampling set and this study only provides an overall performance assessment.
Sample slide preparation
All collected samples were prepared using a dimethyl formamide solution [dimethyl formamide (35% v), glacial acetic acid (15% v), and distilled water (50% v)] to clear the filters and Euparal to mount relocatable cover slips (Pang, 2000) . For the tremolitic talc processing mill samples, two counters were randomly assigned to a number of sampling sets and for each sampling set, the assigned counter examined all sample slides, but on different days. For the quarry samples, one counter (Counter 1) examined all sample slides and again randomization of slide examination was carefully considered so as not to examine the slides in each set either on the same day or on the following day. Counter 1 used a Leica DMRB PCM (Leica Microsystems Inc., Bannockburn, IL, USA) to examine Field comparison of samplers for fibers 547 sample slides from both environments. Counter 2 used a NIKON 50i microscope (NIKON Instruments Inc., Melville, NY, USA) to examine the tremolitic talc-ore sample slides. Both microscopes were set up and calibrated using the HSE/NPL test slide.
Sample examination
Fibers were examined according to NIOSH 7400 'A' counting rules, i.e. all fibers longer than 5 lm and with an aspect ratio ! 3:1 regardless of fiber diameter. Field blank slides were also examined and the average number of fibers was subtracted from the field sample counts to calculate fiber density and fiber concentrations. Additionally, counters were asked to record separately any fibers where the fiber met the 'A' rules and was wider than 3-lm physical diameter to estimate the proportion of extra-thoracic fibers; fiber length was not considered because the sampling efficiency of the GK2.69, the modified SIMPEDS, and the CATHIA-T resulted in no length dependency for fibers under 60 lm long (Maynard, 2002) . A few slides from each sampler type were randomly selected from each environment and fiber widths for those fibers satisfying the 'A' counting rules were measured by Counter 1 to determine if there is any separation effect of fiber bundles due to the samplers' characteristics. Variations between and within counters were checked by examining four reference slides from each sampling site three times on different days. Another set of four reference slides were examined by the two counters to determine the difference between the two microscopes.
RESULTS
Quality assurance and reproducibility of individual sampler types
As shown in Table 2 , the average coefficient of variations (CVs) within counters, between counters, and between the two microscopes were lower than the overall CV (0.46) recommended by the NIOSH 7400 method and those found in previous studies (Pang, 2000 (Pang, , 2007 Harper and Bartolucci, 2003) . Thus, these variations were considered negligible.
The normalized CV of the individual sampler types by the corresponding cowled sampler's CV (i.e. the CV of each thoracic sampler type divided by the CV of the cowled sampler) was also estimated to test reproducibility of the samplers over all the sampling days. The reproducibility of individual samplers (the GK 2.69, the CATHIA-T, and the GK3.51) showed a consistent performance when compared to the cowled sampler performance except for the GK 2.69 cyclone at the tremolitic talc ore processing mill (Fig. 4) . The normalized CV for the GK2.69 cyclone was 1.50 indicating more variation than the cowled sampler during the sampling period. The normalized CVs for the rest ranged from 0.85 to 1.06. Overall, both cyclones and the CATHIA-T sampler can be considered to provide consistent results within their respective groupings.
Performance of individual samplers
All examined results were included in the analysis even for those showing considerably higher ratios of fiber concentrations between individual sampler types, usually greater than three times the standard deviation of the ratios (i.e. outliers) because outlier removal did not affect the test results. In the present study, geometric means of fiber concentration ratios and fiber concentration are reported to minimize the effect of those high concentrations.
As shown in Fig. 5 , for the tremolitic talc ore processing mill, overall, both GK2.69 cyclone and CATHIA-T sampler showed lower fiber concentrations than the cowled sampler, while the GK3.51 yielded higher concentrations. For the construction quarry, all tested samplers yielded higher fiber concentrations than the cowled sampler but the CATHIA-T sampler performed almost the same as the cowled sampler. Note that y-axis scale [fiber concentration (fibers cc À1 )] of the tremolitic talc ore processing mill samples in Fig. 5 is markedly higher than that of the stone quarry samples due to heavy loading of fibers on the filters. For the tremolitic talc ore processing mill, 23 of 34 sample sets generated fiber densities greater than 100 fibers mm À2 and only one set less than fiber density of 100 fibers mm À2 . Among those 23 sets, 10 cowled samplers, two GK2.69 cyclones, 12 CATHIA-T samplers, and eight GK3.51 samplers showed fiber densities . On the other hand, slightly more than half of the collected samples at the construction stone quarry showed fiber densities ,100 fibers mm
À2
; the number of samples with less than a fiber density 100 fibers mm À2 was 22, 26, 9, and 20 for the cowled sampler, GK2.69, CATHIA-T, and GK3.51 sampler, respectively, among 37 samples per each sampler type (Fig. 6) .
The ratios of thoracic samplers to the cowled sampler between the two sites for the all collected data were not consistent as shown in Fig. 7 (left column for the talc mill and right column for the quarry). The GK2.69 cyclone and the CATHIA-T sampler at the tremolitic talc ore processing mill gave lower concentrations than the cowled sampler, but higher concentrations at the stone quarry. Cherrie et al.
(1986) recommended a fiber density ranging from 100 to 1000 fibers mm À2 to minimize bias in fiber counts which may occur when fiber densities are lower or higher. When considered only data where fiber densities of each pair were between 100 and 1000 fibers mm À2 , the geometric mean ratios of thoracic samplers to the cowled sampler between the two sites were consistent. For both sampling sites, the GK2.6 cyclone generated consistently higher concentrations than the cowled sampler while the CATHIA-T sampler yielded lower concentrations; the fiber concentration ratios of the GK2.69/Cowled, the CATHIA-T/Cowled, and the GK3.51/Cowled were 1.07 [number of pairs (n) 5 14)], 0.53 (n 5 21), and 1.25 (n 5 19), respectively, for the talc mill and 1.71 (n 5 9), 0.86 (n 5 10), and 1.46 (n 5 12), respectively, for the stone quarry. The GK3.51 cyclone generated always higher fiber concentrations than the cowled sampler at both sites whether fiber densities were restricted or not.
Combined results of the current and previous studies by the same authors The combined results from this study and the previous study at the taconite mill (Lee et al., 2008) are shown in Fig. 8 and Table 3 shows the geometric mean ratios of fiber concentrations between individual sampler types.
As shown in the left of Fig. 8 and Table 3 , an inconsistent pattern was observed when thoracic samplers are set against the cowled sampler. However, when the fiber densities were restricted into the range of 100-1000 fibers mm À2 , the ratios in Table 3 did not change substantially except for two pairs, Note that the horizontal scale of fiber density (cowled, fibers mm À2 ) between the left column and right column is different.
Field comparison of samplers for fibersthe GK2.69-Cowled at the talc mill which changed from 0.87 (all data) to 1.07 (selected data-fiber density ranging from 100 to 1000 fibers mm À2 ) and the CATHIA-T-Cowled at the quarry which changed from 1.20 (all data) to 0.86 (selected data). The right column of Fig. 8 shows the now consistent pattern of geometric mean ratios of fiber concentrations of each thoracic sampler against the cowled sampler among three environments. Overall, the GK2.69 and GK3.51 cyclones generated higher fiber concentrations than the cowled sampler, while the CATHIA-T sampler generated lower concentrations. Also, the ratios of the GK2.69/CATHIA-T and the GK3.51/CATHIA-T were always higher than unity. Interestingly, the fiber concentrations of the GK3.51 were lower than the GK2.69 at the talc processing mill (GK3.51/GK2.69 5 0.67) and higher at the quarry (GK3.51/GK2.69 5 1.25). Most individual sampler type comparisons showed statistically significant differences except for the two comparisons, GK2.69-Cowled at the talc mill and CATHIA-T-Cowled at the quarry. The same results were obtained where the fiber densities of both sampler types in each pair were between 100 and 1000 fibers mm À2 except for an insignificant difference for the GK2.69-GK3.51 at the quarry [P value 5 0.258 . 0.05 (a)]. Table 4 shows the proportion of extra-thoracic fibers (defined as .3-lm physical diameter) on the filters for each sampler type for the talc processing Fig. 8 . Geometric mean ratio of fiber concentrations at three environmental sites (resource of the taconite site: Lee et al., 2008) : fiber densities of all data from 4.7 to 2620.4 fibers mm À2 (left) and selected fiber densities from 100 to 1000 fibers mm À2 (right). Note that the custom GK sampler was not used at the taconite ore processing mill. GK3.51 n/a n/a n/a n/a 
Proportion of large fibers
Comparison of fiber width
As shown in Table 5 , the measured fiber widths between individual sampler types were not different for each sampling site. The ratio of fiber widths of individual thoracic samplers to the cowled sampler was the same or very similar for both environments. The proportion of fibers ,1-lm physical diameter within each sampling environment was similar for all tested sampler types. Although the talc processing mill contains higher proportion of fibers ,1-lm physical diameter than the quarry, the median of airborne fibers collected from the talc mill and the quarry was not greatly different. et al. (2005) reported that the performance of the GK2.69 and the CATHIA-T sampler matched well to the thoracic convention (ACGIH, 1993; CEN, 1993; ISO, 1993b ) from laboratory trials. That is, the GK2.69 and CATHIA-T sampler screened large fibers whose size exceeds the thoracic convention leading to lower overall fiber concentrations than the cowled sampler. However, higher fiber concentration ratios of the GK2.69 and GK3.51 against the cowled sampler in the present study did not suggest that the differences of ratios were likely to be affected by the thoracic size selection. The overall ratio of the CATHIA-T/Cowled sampler of the combined three sites was lower than 1, and thus, it might be reasonable to assume that large fibers were eliminated prior to entering the inlet. Table 4 , however, shows that the proportions of large fibers (.3-lm physical diameter) on the filters were similarly small for the all sampler types indicating no difference in elimination of large fibers.
DISCUSSION
Jones
The differences in ratios were probably caused by the different sampling environments. Fig. 9 shows typical fibers observed from the sampling sites. Generally speaking, the tremolitic talc-ore mill samples (the second picture) contains mostly fibers, probably talc fibers (although no attempt at mineralogical identification was made), and a few cleavage fragments, while the taconite ore mill (the first picture) and quarry samples (the third picture) have more Total number of fibers that met the NIOSH 7400 'A' counting rules regardless of fiber width. b Number of fibers that met the NIOSH 7400 'A' counting rules and were wider than 3-lm physical diameter.
c Percent proportion (%) 5 (no. of fibers wider than 3 lm/total no. of fibers) Â 100. Median was reported instead of geometric mean because fibers ,1-lm width and greater than 3-lm width were recorded as ',1 lm' and '.3 lm', respectively, rather than measuring the fiber width. d Proportion of fibers ,1-lm physical width.
Field comparison of samplers for fibers 553 possible cleavage fragments than fibrous crystals. From Table 4 , it is evident that the airborne fibers collected from the construction stone quarry were relatively coarser than the fibers collected from the tremolitic talc ore mill. Unfortunately, fibers wider than 3-lm physical diameter at the taconite ore mill were not measured during the fiber examination, but based on reviewing a few slides, both counters agreed that the morphology of fibers in samples from the taconite ore mill and the construction stone quarry were similar. These different characteristics of fibers might have resulted in the different sampling efficiencies observed. Both cyclone samplers in all environments yielded consistently higher fiber concentrations than the CATHIA-T sampler. As shown in Table 3 , the overall geometric mean of fiber concentration ratios for the all collected data was 1.91 for the GK2.69/ CATHIA-T and 1.78 for the GK3.51/CATHIA-T for all environments. A possible conclusion is that the cyclones removed more large non-fibrous particles allowing more fibers to be seen and counted. However, both counters agreed that the fields of view of samples from the taconite ore mill and the quarry were not overcrowded in any sampler type, and thus, the results of fiber examination should not have been affected by fibers obscured by other particles. Another possible explanation of the fiber concentration ratios might be that flocs or bundles of fibers are disturbed in the cyclone vortex thus releasing individual fibers. If the cyclone is pulling fiber bundles apart and, therefore, creating more fibers, the average fiber width of the cyclone should be less than that of the cowled sampler. However, as shown in Table 5 , the estimated width ratios of each cyclone type to the cowled sampler were similar to or equal to 1 indicating no cyclone effect. The same results were observed from the comparison of the width ratios of each cyclone type to the CATHIA-T sampler. (An alternative explanation might be a splitting of large particles that do not meet the aspect ratio 3:1 into several particles meeting NIOSH 7400 'A' counting rules for both cyclone types but not for the cowled and CATHIA-T sampler. This was not investigated in the current study as it was thought unlikely). Settling of particles on the wall of the cowled sampler and the CATHIA-T sampler might also be a possible explanation for lower fiber concentrations in these samplers compared to the cyclones. In a previous study by Kauffer and Eypert-Blaison (2004) , the percentage of fibers deposited on the graphite cowl compared to the total fiber number was $2.6% for fibers thinner than 3 lm and 11.4% for fibers thicker than 3 lm (stainless steel cowl also showed a similar result). However, when the sampling flow rate was increased from 1 to 2 l min À1 , the percentage of fibers deposited on the cowl was dramatically decreased for fibers thicker than 3 lm (from 17.0 to 5.7%), while fibers thinner than 3 lm did not show any changes (from 2.4 to 2.5%). Robbins et al. (1992) also observed larger and longer fibers on the internal walls of the cowl than those on the filters from personal samples of airborne MMMFs. Similar information pertaining to possible deposition inside the CATHIA-T sampler is unavailable. Figure 10 shows geometric mean ratio of fiber concentrations between each thoracic sampler and the cowled sampler to determine the effect of relative sample loading rate compared to the cowled sampler. As shown in the left column of Fig. 10 , overall fiber concentration ratios were decreased as the relative sample loading rate was increased, although two data points, the ratio of the CATHIA-T/Cowled on the quarry samples and the ratio of the GK2.69/ Cowled on the tremolitic talc-ore mill samples, differed from the trend. This may be because of a large proportion of low fiber densities (,100 fibers mm À2 ) for the CATHIA-T sampler at the quarry and significantly lower fiber densities than the corresponding cowled sampler for the GK2.69 at the talc processing mill. When fiber densities ,100 fibers mm À2 or greater than 1000 fibers mm À2 were removed from Fig. 9 . Typical fibers observed from the sampling sites (from left: taconite ore processing mill, tremolitic talc ore processing mill, and construction stone quarry), photographed originally at Â400 (diameter of grid opening is 100 lm).
the data set shown in the right column of Fig. 10 , then the trend became more consistent. This finding is consistent with the previous study by Cherrie et al. (1986) . The difference of fiber concentrations among different sampler types might therefore be a function of sample loading rather than an effect of thoracic size selection.
The fiber concentration ratios of the GK3.51/ GK2.69 between the two sampling sites were not consistent; the fiber concentration of the GK3.51 was higher than the GK2.69 at the quarry (GK3.51/GK2.69 5 1.25) and lower at the talc processing mill (GK3.51/GK2.69 5 0.67). Similar ratios were observed for the reduced data where fiber densities were between 100 to 1000 fibers mm À2 (GK3.51/GK2.69 5 1.22 at the quarry and 0.66 at the talc mill). The inconsistency might be from different sampling efficiencies of the cyclones and different particle distributions of each sampling environments; as shown in Table 5 , the talc mill showed higher proportion of fibers ,1-lm physical diameter than the quarry. It seems that the GK2.69 had higher sampling efficiency than the GK3.51 for the fiber width less than the 50% cut-point of thoracic convention (10-lm aerodynamic diameter) while the GK3.51 showed higher sampling efficiency than the GK2.69 for the fiber width greater than the cut-point. Jones et al. (2005) determined a sampling efficiency curve for the GK2.69 cyclone with MMMFs from laboratory trials. Unfortunately, a sampling efficiency curve for the GK3.51 cyclone using fibers has not been reported yet and was beyond the scope of the present study.
CONCLUSIONS
In order to determine the effect of thoracic sampling on field results, the GK2.69 cyclone and the CATHIA-T sampler and the GK3.51 cyclone were used to collect airborne fibers from two environmental sites and their performance was compared to the current standard cowled sampler (NIOSH 7400 method). Overall, the combined results of this study and the previous study by the same authors (Lee et al., 2008) showed lower fiber concentrations for the CATHIA-T sampler and higher concentrations for the GK2.69 cyclone and the GK3.51 cyclone compared to the standard cowled sampler. However, these observations could not be reconciled with differences in sampler performance observed in prior laboratory studies. A consistent trend between the fiber concentration ratios and the relative sample loading rate compared to the cowled sampler was observed. The differences in fiber concentrations might therefore be more due to the influence of a sample loading effect rather than thoracic size selection. This hypothesis could be tested in a further study by using the cowled sampler at different flow rates. Exposure limits for fibers have generally been based on risk assessments determined from the results of samples taken with the cowled sampler or previously with impingers whose performance has since been compared to that of the cowled sampler. Airborne fiber measurements obtained using the thoracic samplers tested here should be interpreted in the light of the findings of our comparison studies before being compared to limit values based on such risk assessments. Field comparison of samplers for fibers 555
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